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Cancer and arthritis present an enormous challenge to society. They share pathogenic pathways that
involve extracellular matrix degradation, tissue invasion, and inflammation. Most cancer and arthritis
treatments affect normal cell function to cause significant adverse effects in patients. Specific pathways
that promote cancer and arthritis progression must be elucidated to design more targeted and effective
therapeutics. The Src kinase and podoplanin (PDPN) receptor are upregulated in cancer cells, fibroblasts,
synoviocytes, and immune cells that increase tissue invasion and inflammation to promote both cancer
and arthritis. In this review, we discuss how Src and PDPN forge a path to tissue destruction, and how
they can serve as targets for therapeutics to combat cancer and arthritis.

Cancer and arthritis

Cancer and arthritis have reached epidemic proportions. Cancer causes
over 10% of all deaths worldwide, killing over 8 million people around
the world every year, which is >15 people every minute [1]. Transfor-
mation of normal cells to cancer cells results from changes in cellular
signaling pathways that otherwise regulate cell growth and motility [2].

While uncontrolled growth and unchecked migration of cancer
cells have a significant part in cancer progression, signals from the
tumor microenvironment can further aggravate the disease. Can-
cer cells, cancer-associated fibroblasts (CAFs), and immune cells
secrete cytokines, growth factors, and metalloproteases that de-
grade the extracellular matrix (ECM) to facilitate cancer growth,
invasion, and metastasis (outlined in Fig. 1) [2-6]. This process
involves a host of proinflammatory cytokines and pathways simi-
lar to wound healing and inflammation programs [7-9].

As with cancer, arthritis also induces ECM degradation by
proteolytic enzymes. This can destroy the cartilage between bones
to cause joint swelling, stiffness, deformity, severe pain, and
decreased mobility in patients [10,11]. Over 10% of men and
18% of women over 60-years old have osteoarthritis (OA) caused
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by destruction of joint cartilage and underlying bone [12]. OA
pathophysiology is characterized by progressive loss of articular
cartilage, subchondral bone thickening and sclerosis, new bone
formation at the joint margins, and increased vascularization of
calcified cartilage, which expands into, and invades, the articular
cartilage (Fig. 2). Although OA was initially classified as nonin-
flammatory arthritis, there is increasing evidence that joint in-
flammation is a key factor in OA pathogenesis [13,14].

In addition to OA, theumatoid arthritis (RA) has an inflamma-
tory origin and is found in ~1% of the world population between
20 and 40 years of age [15]. RA is characterized by inflammation of
the synovium (connective tissue lining the joints), bone, and
articular cartilage destruction (Fig. 2). The synovium becomes
infiltrated with lymphocytes during RA pathogenesis. These lym-
phocytes produce inflammatory cytokines and autoantibodies
that increase vascularization of the synovial membrane. Cells in
the synovial membrane, namely macrophage-like cells (MLCs) and
fibroblast-like synoviocytes (FLSs), proliferate and recruit osteo-
clasts to form a hyperplastic ‘pannus’ that covers the articular
cartilage. Cells in pannus tissue secrete proinflammatory cytokines
and matrix metalloproteases, which invade and erode surrounding
cartilage and bone by mechanisms similar to tumor invasion
(Figs. 2 and 3C) [16-18].
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FIGURE 1

Role of Src and podoplanin (PDPN) in cancer progression. (a) Increased activation of the oncogenic tyrosine kinase Src increases transformed cell growth,
survival, and migration, and decreases cell adhesion and cell contact inhibition to promote tumor progression. (b) Tumor cells interact with cancer-associated
fibroblasts (CAFs) in the tumor microenvironment. Elevated expression of the glycoprotein receptor PDPN in CAFs has been shown to promote cancer cell
survival, migration, and metastasis. (c) Cancer cells can also recruit immune cells, such as macrophages and monocytes, to the tumor microenvironment.

Activation of Src kinase in these immune cells increases the production of specific inflammatory cytokines that contribute to cancer progression. (d) Src kinase
activity also induces PDPN expression to augment tumor cell migration and invasion. PDPN expression is particularly abundant at the invasive front of tumors.
Src kinase activity and PDPN expression in tumors correlates with matrix metalloproteases (MMPs), which degrade the extracellular matrix (ECM) to facilitate
tumor cell invasion. (e) In blood vessels, PDPN in tumor cells interacts with C-type lectin 2 (CLEC-2) on platelets to induce platelet aggregation around the tumor
cells, which induces hematogenous metastasis. Activation is indicated by red arrows, increased expression is indicated by blue arrows, and changes in cellular

processes by purple arrows.

Routine options for arthritis treatment include disease-modify-
ing anti-rheumatic drugs (DMARDs), such as methotrexate, ster-
oids, nonsteroidal anti-inflammatory drugs (NSAIDs), and
biologics [19,20]. Biologics primarily target TNFo, JAK kinase,
cytokines or their receptors, which participate in the inflammatory
response [19]. However, these biologics interfere with normal
immune responses, causing patients to become susceptible to
infections and malignancies [21].

Interestingly, some treatments for arthritis are also utilized for
cancer therapy. For example, NSAIDs are commonly used to
alleviate inflammation and pain in patients with arthritis. NSAIDs
act by inhibiting cyclo-oxygenases (COX-1 and COX-2) that pro-
duce inflammatory prostaglandins [22], and can reduce risk and
tumor burden from breast, colorectal, esophageal, and gastric
carcinomas [23-25]. However, NSAIDs have adverse effects on
kidneys, liver, and cardiovascular system [22,25]. More selective
NSAIDs, which target COX-2, such as rofecoxib and celecoxib, can

also be used to treat OA and RA [26]. However, rofecoxib presents
significant adverse effects and safety concerns. Celecoxib is still
prescribed for arthritis, but can cause cardiovascular and upper
gastrointestinal complications [27]. Celecoxib is also used as a
chemopreventive for patients with colorectal cancer and familial
adenomatous polyposis coli [28,29].

Itis clear that inflammation and tissue degradation are common
to both cancer and arthritis pathophysiology [25]. However,
mechanistic links between these two major maladies have not
yet been defined. Fundamental aspects of these links stem from the
Src tyrosine kinase and podoplanin (PDPN) receptor.

Src kinase in cancer and arthritis

The Src tyrosine kinase is anchored to the cytoplasmic side of the
cell membrane by an N-terminal myristoylation site, followed by
SH3 and SH2 domains that mediate protein interactions, and a
kinase domain that contains positive and negative regulatory
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FIGURE 2

Schematic of normal, osteoarthritis, and rheumatoid arthritis joints. Healthy joints (center) comprise articulating bones that are held together by ligaments that
form a capsule. The synovial membrane forms the inner layer of the joint capsule and secretes synovial fluid that lubricates the joint surfaces. The joint surface is
lined by articular cartilage comprising extracellular matrix material and chondrocytes. The articular cartilage provides smooth joint movement and resistance to
mechanical forces. The layer of bone beneath the cartilage is the subchondral bone. Calcified cartilage secures subchondral bones to the articular cartilage.
Osteoarthritis (OA) is caused by mechanical wear and tear of the joints because of aging or injury. OA is characterized by progressive loss of articular cartilage
accompanied by decreased synovial fluid, new bone formation at the margins, subchondral bone sclerosis, subchondral bone remodeling, and increased

vascularization of the cartilage (left). By contrast, rheumatoid arthritis is characterized by inflammation of the synovial membrane and enlargement of the joint
capsule. The cells of the synovial membrane recruit osteoclasts to form a hyperplastic, invasive ‘pannus’ tissue that eventually erodes the articular cartilage and

bone (right).

phosphorylation residues [30,31]. Src phosphorylates numerous
substrates, including p130Cas, catenins, phosphatases, and other
proteins that control cell morphology and behavior [30,31]. Stc
also activates other kinases, including FAK, MAPK, and Akt, as well
as Rho GTPases, to reorganize the actin cytoskeleton and promote
cell growth, survival, and motility [32,33].

Increased Src activity is found in many malignancies, including
colorectal, breast, and pancreatic cancer [2,34,35]. Src increases
invadopodia formation and matrix metalloprotease (MMPs) pro-
duction (e.g., MMP-2 and MMP-9) that degrade the ECM during
tumor invasion (Fig. 1) [36,37]. Similar to tumor cells, Src also
induces arthritic FLSs to form invadopodia that secrete MMPs (e.g.,
MMP-3 and MMP-13) to degrade the ECM in the articular cartilage
(Fig. 3) [38,39]. Src and FAK also promote MLC and FLS migration
into arthritic synovial tissues [40].

Src and other members of the Src kinase family activate path-
ways that produce cytokines to augment inflammatory responses
[41-43]. For example, TNFa stimulates Src to activate the nuclear
factor (NF)-kB transcription factor in macrophages, where it pro-
motes the transcription of inflammatory cytokines, such as IL-6
[44,45]. Src family kinases also interact with the IL-6 receptor
signaling protein gp-130 to potentiate IL-6 signaling [42]. More-
over, Src acts downstream of macrophage colony-stimulating
factor receptors to activate the PI-3K pathway [46].

Inflammatory cytokines have an important role in arthritis pro-
gression. TNFa and interleukins, such as IL-13 and IL-18, increase
Src phosphorylation in RA FLSs and MLCs [40,47]. Activation of Src
further stimulates PI3K/Akt and MAPK/ERK pathways, which can
increase FLS VCAM1 expression (Fig. 3) [47]. VCAM1 partners with
integrins to recruit lymphocytes during arthritis progression [48].

In addition to inflammatory cytokines, Src is activated by
integrin signaling to regulate osteoclast (macrophage-like cells
in the bone) function [49]. The receptor activator of NF-«kB ligand
(RANKL) and its receptor (RANK) activate Src and subsequently Akt
to promote bone loss in arthritis by increasing osteoclast genesis
and activity (Fig. 3) [49,50]. In general, Src promotes osteoclast
function of regulating bone resorption [51], and leukocyte rolling
and migration in response to selectins [31,42].

Clearly, Src affects many pathways to augment immune cell
recruitment and activation. Accordingly, Src kinase blockers in-
hibit arthritis and cancer progression [52-54]. Dual kinase inhi-
bitors that block Src and Abl kinase activity, such as dasatinib and
bosutinib, are used to treat chronic myeloid leukemia and acute
lymphocytic leukemia [30,55]. More specific Src inhibitors, includ-
ing MC-25, inhibit breast cancer cell migration [56]. Other tyro-
sine kinase inhibitors, including the SYK blocker fostamatinib and
the JAK blockers tofacitinib and baricitinib, are used to treat RA
[57]. However, Src kinase activity is ubiquitous and inhibition
causes unacceptable adverse effects and drug resistance [54,58,59].
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FIGURE 3

Role of Src and podoplanin (PDPN) in arthritis progression. (a) The articular cartilage comprises articular chondrocytes (AC) distributed in various zones and
dense extracellular matrix (ECM). Space between articular joints is filled with synovial fluid secreted by cells of the synovial membrane. The synovial membrane
comprises fibroblast-like synoviocytes (FLSs) and macrophage-like cells (MLCs). (b) Src kinase and the glycoprotein receptor PDPN promote arthritis progression.
Increased PDPN expression in AC is correlated with increased with matrix metalloprotease (MMP)and cyclo-oxygenase 2 (COX-2) expression, which promotes
cartilage degradation [111]. Increased expression of cytokines, including TNFo and receptor activator of NF-kB ligand (RANKL), activate Src kinase in MLCs and
osteoclasts (OC) to promote cartilage and bone erosion, respectively. Increased Src kinase activity and PDPN expression in FLSs activate VCAM1, MMPs, and
interleukins (IL), which augments ‘pannus’ tissue invasion and synovial inflammation. (c) Inflammation is a characteristic feature of RA. The synovium becomes
infiltrated with lymphocytes during RA pathogenesis. These lymphocytes produce inflammatory cytokines that increase vascularization of the synovial

membrane. MLCs and FLSs in the synovial membrane proliferate and recruit osteoclasts (OC) to form a hyperplastic ‘pannus’ that erodes the articular cartilage
and bone. FLSs secrete proinflammatory cytokines and MMPs, which causes them to act like an invasive tumor and degrade extracellular matrix in the cartilage.
Indeed, activation of Src and PDPN in various cells of the joint tissue promotes bone and cartilage erosion, hyperplastic pannus invasion, and inflammation.

Downstream effectors of Src are more specific and enticing targets
for therapeutics.

Podoplanin in cancer and arthritis

Src phosphorylates several effectors that control cell survival,
anchorage independence, differentiation, morphology, growth,
and motility. Effectors that specifically promote tumor progres-
sion and inflammation could serve as operative targets to combat
cancer and arthritis while minimizing adverse effects that result
from upstream kinase blockers. PDPN has emerged as a powerful
Src effector and therapeutic target [60,61].

PDPN is a type I receptor with a highly O-glycosylated extracel-
lular region of ~130 amino acids, a single-pass transmembrane
domain, and a short intracellular sequence of approximately ten
amino acids. The extracellular region contains four platelet-aggre-

gating (PLAG) domain repeats that can bind to the C-type lectin 2
(CLEC-2) receptor on platelets to induce aggregation. The intra-
cellular sequence contains basic amino acids and serine residues,
which associate with ezrin-radixin-moesin (ERM) proteins that
direct RhoA GTPases to reorganize actin cytoskeleton to promote
cell motility [62-64].

Src phosphorylates the Cas adaptor protein to induce PDPN
expression to promote cell motility [60,65], as well as the ability of
tumor cells to escape contact normalization exerted on them by
surrounding nontransformed cells [2,66]. PDPN is found at the
invasive front of tumors, where it promotes the progression of
many types of cancer, including mammary carcinoma [64,67,68],
glioma [69-72], melanoma [73-77], mesothelioma [78-80], and
oral squamous cell carcinoma [61,81-84] (reviewed in [2,61,83,85—
89]). Similar to Src, PDPN localizes to invadopodia to facilitate
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FIGURE 4

Src and podoplanin (PDPN) forge a path to destruction, and ways to block it. PDPN is a transmembrane glycoprotein with a large extracellular domain containing
four platelet-aggregating domains (PLAG), and a short intracellular domain. The latter has a cluster of basic amino acids that bind to ERM family proteins to
activate Rho GTPases, which helps reorganize actin cytoskeleton and promote cell migration and invasion. PDPN intracellular serine residues can be
phosphorylated by PKA and CDKS5 to inhibit PDPN-mediated cell migration. PDPN and inflammatory cytokines stimulate the expression of the other by unknown
mechanisms, leading to increased inflammation. Src kinase is activated in response to inflammatory cytokines and integrin signaling. Activated Src
phosphorylates CAS to activate PI3K and MAPK pathways, induce PDPN mRNA transcription, and trigger pathways that promote actin reorganization.
Furthermore, Src kinase activation and PDPN expression lead to increased matrix metalloprotease (MMP) expression and matrix degradation. Thus, Src kinase
and PDPN work together to activate destructive pathways that lead to inflammation, cell migration, cell invasion, and matrix degradation common to both
cancer and arthritis. This destructive relationship can be inhibited by antibodies and other reagents (exemplified by Maackia amurensis seed lectin; MASL) that
target PDPN to inhibit cell migration, invasion, and possibly inflammation. Src kinase activity can also be suppressed by specific blockers, whereas MMP
inhibitors can block matrix degradation. Efforts are warranted to investigate how these agents could be used in combination to combat cancer and arthritis.

tumor cell invasion [90,91] (Fig. 1). PDPN expression has been
shown to augment MMP expression, which degrades the ECM
during tumor cell invasion [64,92-94].

In addition to cancer cells, PDPN is also expressed by cancer-
associated fibroblasts (CAFs) in tumors such as gastric cancer [95],

lung adenocarcinoma [96], oral cancer [97], melanoma [76], breast
cancer [98,99], pancreatic ductal carcinoma [100], among others
(reviewed in [88,101,102]), where it is associated with decreased
survival and poor cancer prognosis. In these cancers, and as
illustrated in Fig. 1, PDPN motivates CAFs to disrupt and remodel
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the tumor microenvironment to facilitate cancer growth, migra-
tion, and metastasis [76,100,103-105]. The tumor cells follow
paths forged by CAFs to colonize new areas and metastasize [3].

PDPN promotes inflammation and invasion associated with
arthritis [106-111]. For example, during RA pathogenesis,
PDPN-expressing Th17 helper T cells infiltrate inflamed joint
tissues [107]. PDPN is also expressed in the FLSs of patients with
RA and appears during early stages of the disease [106,110,112].
PDPN expression is particularly strong in areas of hyperplasia and
disrupted tissue architecture [106], and is seen in synovia and
chondrocytes in patients with OA (Fig. 3) [109,111].

As described above, PDPN expressed on tumor cells binds with
CLEC-2 on platelets to induce platelet aggregation, which can
promote tumor metastasis [113-116]. Indeed, agents that block
PDPN-CLEC-2 interactions inhibit platelet aggregation and de-
crease tumor metastasis [115,117,118]. CLEC-2 expression is main-
tained in the peripheral blood and synovial tissue platelets of
patients with RA [108,119]. In fact, platelet co-cultures with syno-
vial fibroblasts expressing PDPN induce the expression of proin-
flammatory cytokines, including IL-6, IL-8, CXCL2, and CXCL3
mRNA, indicating that platelets exert a proinflammatory effect on
synovial fibroblasts [108,120]. Therefore, while studies indicate
that PDPN-CLEC-2 interactions can ameliorate the intensity of
inflammatory reactions that produce septic shock [121], PDPN
offers a target that can be used to inhibit cancer progression and
arthritic inflammation.

Inflammatory cytokines induce PDPN expression by a feedback
loop in which PDPN and cytokines induce the expression of the
other to the detriment of the tissue architecture. CD45-positive
inflammatory cells induce the expression of interferon-responsive
genes in squamous cell carcinoma cells that express PDPN at
invasive fronts. In return, interferon vy, TGF[3, and TNFa induce
PDPN expression at the invasive edges of the tumor [122].

Arthritic joints are also rich in inflammatory cytokines. PDPN
expression is upregulated by cytokines including IL-13 and TNFx
[106], and PDPN expression can itself induce the expression of
cytokines in RA synoviocytes, including IL-6, IL-8, and IL-17
(Fig. 3) [108,123]. Cytokines are valid targets for therapeutics to
treat cancer and arthritis. Biologic DMARDs target cytokines, such
as TNFa.. However, these reagents are associated with increased
risk of infections and malignancies because of suppression of
immune surveillance [21].

In addition to cytokines, PDPN augments MMP expression to
promote arthritic progression (Fig. 3) [106,111]. PDPN expression
correlates with high MMP-9 expression in FLSs to promote tissue
invasion in a manner reminiscent of tumor invasion [106]. There is
evidence that activated platelets can be a source of MMPs, includ-
ing MMP-1, MMP-2, and MMP-9 [124,125], and that these might
promote cancer metastasis [126] and arthritic tissue destruction
[125,127]. However, the relative contribution of MMPs from pla-
telets, compared with actual tumor cells and associated fibroblasts,
has not been clearly defined for cancer or arthritis.

MMP blockers have shown promising results in animal models
of arthritis. However, they fail to show clinical benefit in human
clinical trials. MMP inhibitors, including batimastat, marimastat,
and tanomastat, present problems with solubility, bioavailability,
toxicities, and lack of efficacy in patients with cancer [128,129].

Inflammatory cytokines and MMPs have widespread expression
in the body and are required for normal physiology. Therefore,
inhibition of cytokines and MMPs leads to significant adverse
effects and complications that outweigh the benefits of treatment.
PDPN has emerged as a pivotal component of the tissue destruc-
tion and disease progression that underlies tumor invasion and
arthritis. Agents that target PDPN have shown promising results in
preclinical models of arthritis and cancer.

Antibodies that target the extracellular region of PDPN have been
shown to inhibit tumor cell migration and metastasis in animal
models of cancers, including mesothelioma, glioma, melanoma,
and squamous cell carcinoma [84,130-133]. These agents caninduce
caspase-independent nonapoptotic necrosis of cancer cells, includ-
ing oral squamous cell carcinoma cells that are resistant to currently
available cytotoxic cancer drugs [75,84]. Chimeric antigen receptor
transduced T (CAR-T) cells that target PDPN have also been shown to
inhibit glioblastoma progression in animal models [134].

Maackia amurensis seed lectin (MASL) has also been found to
target a2-3 sialic acid residues on PDPN to inhibit melanoma and
oral squamous cell carcinoma growth and metastasis in preclinical
models [75,84]. In addition, studies indicate that MASL also targets
PDPN on articular chondrocytes to inhibit the production of
MMPs, inflammatory cytokines, and arthritic cartilage destruction
[111]. MASL is resistant to gastrointestinal digestion, allowing oral
administration [135,136]. Moreover, MASL does not produce no-
table toxicities [75,84,111], and has a long history of use as a
‘coincidental component’ in traditional medicines used to treat
cancer and arthritis [75].

In addition to targeting the extracellular region, PDPN intracel-
lular serines can be phosphorylated by PKA and CDKS to inhibit
cell migration [105,137], and reagents that activate PKA and CDKS5
activity can be used to control PDPN-mediated cell migration
[137]. Compounds such as CARP1 functional mimetics and disul-
firam induce PDPN phosphorylation and inhibit tumor cell mi-
gration and invasion [138,139].

Concluding remarks

The Src kinase and PDPN activate destructive pathways that lead to
inflammation, cell migration, tissue invasion, and matrix degra-
dation common to both cancer and arthritis. These pathways can
be blocked at multiple levels by small molecules and antibodies
(Fig. 4). Src kinase activity is widespread and involved in an array of
processes. These ubiquitous and pleiotropic effects saddle Src
blockers with many adverse effects that render them problematic
for therapeutic use. Src effectors present more targeted approaches
for pharmaceutical potential. Indeed, PDPN has emerged as a
biomarker and therapeutic target in cancer and arthritis. Taken
together, surmounting data indicate that agents that target PDPN
could be useful to combat both cancer and arthritis.
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